Liquid droplets of argon surrounded by the vapor for various temperatures and various sizes have been simulated by the molecular dynamics method. Macroscopic characteristics of droplets such as density and pressure profiles and surface tension are estimated. The largest droplets with the equimolar dividing radius of about 20 Å resemble to the saturated macroscopic drops. Smaller droplets have slightly smaller surface tension. To explore the surface phenomena of droplets in more detail, each molecule is classified into 'liquid', 'surface', or 'vapor' with respect to the number of neighbor molecules. By observing the instantaneous kinetic and potential energies of each molecule, the time scale of the 'phase change' of each molecule is estimated. The number flux of molecules across the liquid-vapor interface is counted. It is demonstrated that the rate of 'phase change' events of molecules is proportional to the vapor pressure.
INTRODUCTION
Understandings of the behavior of molecules in a liquidvapor interface are crucial to investigate the fundamental processes of evaporation and condensation. To study the physical mechanism of surface phenomena based on the kinetics of molecules, the molecular dynamics simulations of liquid droplets surrounded by the vapor are performed. Besides the understandings of molecular level physical mechanisms, simulations of small liquid droplets, have several important applications. One of them is to simulate the large enough system to reproduce the macroscopic properties of droplets such as surface tension. Another is to study the properties of very small droplets that are out of the range of experimental treatments. The former will be a strong tool to investigate the yet unknown or uncertain physical properties of the macroscopic system. The latter is important in the homogeneous nucleation phenomena encountered in phase change heat transfer theories. The smallest limit of the extrapolation of macroscopic treatment is of much importance when the validity of theories is concerned. Thompson et al. (1984) has demonstrated the abilities of the molecular dynamics simulations by calculating the density and pressure profiles and the surface tension for small Lennard-Jones droplets. Recently, Nijmeijer et al. (1992) has calculated much larger droplets using the special purpose computer. They demonstrated that the simulated droplets were large enough so that the macroscopic relations held.
We focus on the demonstration of molecular level kinetics and the basic understandings of phenomena rather than simply obtaining the physical properties. Even though our final target is more practical molecules like water, we have calculated the simplest Lennard-Jones argon droplets as the first step. Systems of 256 to 864 argon molecules at various temperatures have been realized in a sufficiently large cubic box with periodic boundary conditions. To explore the surface phenomena of droplets, each molecule is classified into 'liquid', 'surface', or 'vapor' with respect to the number of neighbor molecules. Evaporation events and condensation events of molecules are discussed.
DESCRIPTION OF CALCULATIONS
The technique to formulate a droplet is similar to the previous reports for infrared spectra of CO ] and for far infrared spectra of water ]. Argon atoms expressed by the following 12-6 Lennard-Jones potential are enclosed in a cubic box with periodic boundary conditions in all 3 directions.
where parameters of the potential are σ = 3.40 Å , ε = 1.67×10 -21 J. The simple Verlet method is employed to integrate the classical equation of motion with the time step of 0.01 ps.
A f.c.c. crystal of argon is placed in a cubic cell as shown in Fig. 1 . We decide that the system becomes equilibrium when the temperature and the number of 'vapor' atoms (see section 4 for definition) are settled to almost constant values. To control the temperature almost constant at T = 90 K during the initial 50 ps, the velocity scaling is imposed each 40 time steps. About following 50 ps is needed for the relaxation, which involves a small increase of potential energy and decrease of temperature. Then, 100 ps of simulation is stored for further calculations.
For systems at different temperatures, once obtained equilibrium system is a good initial condition. Monitoring the temperature and number of vapor molecules, we continue to control the temperature as shown in Fig. 1 . Changing the number of molecules N or the size of the cubic cell L, we can obtain droplets of different sizes. Since the cell is filled with vapor molecules, larger cell with the same number of molecules gives a smaller droplet. As summarized in Table 1 , 4 equilibrium cases at different temperatures and 4 different sizes are simulated.
Here, positions of molecules are adjusted every step so that the center of gravity of whole droplet is always kept at the center of the calculation cell. Fig. 2 shows the calculated local density profiles for 864 argon systems at various temperatures. The local density at a distance r from the center is measured as the average number of molecules in a spherical shell with a small width around the radius r divided by the volume of the shell. The least squares fit of tanh form function shown in the figure well represents the numerical data. The calculated data largely scatter near the center of the droplet because the number of molecules in the 14-18 August, 1994, Brighton, UK control shell is less. The surface region in which the density is smoothly changing (roughly 10 Å) is wider for higher temperature.
MICROSCOPIC DROPLETS
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With the increase of that temperature the core liquid density decreases and the vapor density increases. Asymptotic values of liquid and vapor densities read from this figure are compared with the bulk saturated properties in Fig. 3 . With this size of droplets, liquid and vapor densities compare well to the saturated bulk properties. The minor differences of these densities are due to the size effect.
The size effect on the density profile is summarized in Fig.  4 for droplets with almost the same temperature at 100 K. The effect is observed as if the simple shift in the radius coordinate. Here, the equimolar dividing radius R e is defined as follows 
where ρ l , ρ g , N, and L are liquid density, vapor density, number of molecules, and unit length of the cell, respectively. This R e means the radius of a hypothetical sphere of uniform density ρ l in a cubic cell of density ρ g . For a liquid droplet of radius R e , the surface tension σ can be simply defined by the well known Laplace's equation
where p l and p g are the pressure of liquid and vapor, respectively. The estimation of the pressure profile is quite difficult and results in a considerable error. We have followed the technique of Thompson et al. (1984) and used the following spherical extension of Irving-Kirkwood's formula to calculate the normal pressure profile.
We define a control spherical surface of radius r from the center of the droplet. The sum over k is over the normal component f k of forces acting across the control surface between a pair of molecules i and j. The sign of f k is defined as positive for repulsive forces and negative for attractive forces. Using the vector We need the pressure of liquid p l that is asymptotic value of p(r), r→0, and of vapor p g for the calculation of surface tension. Since the scatter of data is very large when r→0 due to less number of molecule pairs, the estimation of p l is very difficult. We fit tanh function to RF and AF to obtain the asymptotic values. Estimated values of p l and p g are listed in Table 1 . The dependency of p g on temperature is compared with the saturated bulk vapor pressure in Fig. 5 . As in the cases of liquid and vapor densities, the vapor pressure of the largest droplets are close to those at the saturated condition. 
INTERFACE OF 'LIQUID' AND 'VAPOR'
Fig. 7 is a 3 Å thick slice view of Fig. 1(C) . With this size of the droplet, the instantaneous geometry seems far from spherical. Another interesting point is that the surface of liquid and vapor looks very sharp and discontinuous. The smooth change of the local density as a function of radius shown in Fig.  2 and Fig. 4 is thus due to the spatial and time averaging.
We then tried to extract some distinct features of motion of molecules near the surface. We speculated that at least one layer of molecules at the edge of the droplet should have some distinct property of 'surface'. Thus, we classified molecules into three phases 'vapor', 'liquid', or 'surface' through the instantaneous properties of each molecule. We focused on the physically simplest property, which is the number of neighbor molecules.
A histogram of the distance of each pair of molecules in the system of LL100 (R e = 20.2Å & T = 99K) is plotted in Fig. 8 . The first peak, relates to the distance of the nearest molecules, is at around σ (length scale of the potential) and the second peak at around 2σ is due to the molecules near the nearest molecules, as typically observed in liquid systems. Then, we decide that the neighbor molecules are the molecules within the distance of 1.4σ from the molecule of interest. The number of neighbor molecules N n counted for each molecule is averaged for 4.0 ps. Here, we have roughly optimized the integration time using the following classification and confirmation procedures. 14-18 August, 1994, Brighton, UK plotted in Fig. 9 shows distinguishable three peaks. The first peak at N n = 0 clearly relates to molecules outside the droplet core, which usually have no neighbor molecules. It is expected that surface molecules have less number of neighbor molecules compared with those at the central region of the droplet. We decide that molecules with N n ≤ 1 are 'vapor' molecules, 2 ≤ N n ≤ 7 are 'surface', and N n ≥ 8 are 'liquid'. Thus, each molecule is classified into 'vapor', 'surface', or 'liquid'. To confirm this classification, 'surface' molecules are shown in solid symbol in Fig. 7 . It is clear that this classification is successful and that the averaging time 4.0 ps is short enough so that most of molecules are kept at the same phase during the time period.
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PHASE CHANGE OF MOLECULES
The time histories of the instantaneous number of neighbors N n , kinetic energy (temperature), and potential energy of 6 molecules marked in Fig. 7 are compared in Fig. 10 . Molecule #1 is always in the droplet core and labeled 'liquid' for whole 100 ps. On the other hand, molecule #2 is 'vapor' for whole 100 ps. Molecule #3 hovers near the surface for a while and finally enters into the core. Molecules #4 and #5 change their phase, 'liquid' to 'vapor' and 'vapor' to 'liquid', respectively . Finally, molecule #6 is a special case as it exhibits small oscillatory changes of N n and potential energy during the middle of the observation period. It is confirmed from the 3-D animation that this molecule is a part of a dimer and the vibrational motion between the partner molecule results in these phenomena.
The variation of potential energy correlates simply to the number of neighbor molecules, because the neighbor molecules within 1.4σ have large negative contribution to the potential energy of each molecule. Small spikes in kinetic and potential energies represent collisions. The rate of collisions is clearly contrasted in #1 of 'liquid' and #2 of 'vapor'.
Time scale of the phase change phenomena can be roughly estimated from the history of #4 and #5 molecules. Molecule #4 which is 'liquid' at t=0 spends about 50 ps as 'surface' gradually gaining the potential energy before the vaporization. On the other hand, molecule #5 condenses to the 'surface' and spends about 50 ps for the gradual loss of potential energy.
Other molecules shown in Fig. 7 have been similarly examined. Out of 73 molecules in Fig. 7 , 10 molecules show phase change characteristics similar to #4 or #5, and 35 molecules are similar to #3. Many of these examples show that the life time of 'surface' regime of a molecule is typically 50 ps.
An example of the detection of events, 'condensation' and 'evaporation', is shown for the molecule #4 (Fig. 10) in Fig. 11 . The time history of number of neighbor molecule N n is smoothened by the Hanning filter with the characteristic time of 10 ps as shown as <N n > in Fig. 11 . Then, we apply the new threshold of liquid and vapor at <N n >=2.5 to get the first detection D 1 . As seen in Fig. 11 , D 1 detects a fluctuation of N n even in a very short period, which cannot be regarded as a phase change (see Fig. 10 #4 for corresponding energies). Since we know that the rough time scale of the phase change is the order of 50 ps, we removed all the shuttle changes between liquid and vapor within 10 ps to get the final detection D 2 .
The numbers of evaporation and condensation events are counted for all molecules for 100 ps and tabulated in Table 1 . The numbers of both events are almost the same ensuring that the systems are indeed in the equilibrium. It is imagined that the number of phase change events should be proportional to the surface area of the droplet. The phase change rate that is the number of events (average of evaporation and condensation) per Fig. 12 . The trend of the phase change rate is proportional to the variation of the vapor pressure. When the evaporation and condensation events are frequent, there must be more vapor molecules approaching to a droplet. This is only possible when the vapor pressure is higher. The effect of the size of droplet on the vapor pressure is summarized in Fig. 12 . The vapor pressure is normalized with the bulk saturated vapor pressure at the corresponding temperature. Since the vapor pressure is the most accurate measure of our simulation, we use this as the indicator of the size effect. Results of larger droplets at T = 109K by Nijmeijer et al. (1992) are shown in comparison. Their data are normalized with their planer limit results. The well known Kelvin equation for the estimation of super saturated vapor pressure around a liquid droplet is as follows.
where R is the gas constant. Unfortunately, the deviation of the calculated vapor pressure from the Kelvin's equation is not large enough to declare the smallest limit of the macroscopic equation.
CONCLUSIONS
Small argon droplets surrounded by the vapor have been realized by the molecular dynamics method in a sufficiently large cubic box with periodic boundary conditions.
The density and pressure profiles are calculated and the surface tension is estimated. For largest droplets with 864 argon atoms, the liquid and vapor density, liquid and vapor pressure, and the surface tension qualitatively reproduce the temperature dependencies of the saturated bulk condition. The deviation of those properties from the saturated condition for stable smaller droplets is demonstrated.
A simple classification of molecules into 'liquid', 'surface', or 'vapor' with respect to the number of neighbor molecules is demonstrated. The variations of instantaneous kinetic and potential energies of each molecule during the 'phase change' are demonstrated. The life time of a molecule behaving as 'surface' is about 50 ps. Finally the number of 'phase change' events correlates well to the vapor pressure. Smaller droplets, which are stable only in larger vapor pressure, have relatively more active 'surface' molecules and enhance the phase change.
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